Models of Representative Volume Elements (RVEs) of cross-ply laminates with different geometric configurations and damage states are studied. Debond growth is characterized by the estimation of the Mode I and Mode II Energy Release Rate (ERR) using the Virtual Crack Closure Technique (VCCT). It is found that the presence of the 0 • /90 • interface and the thickness of the 0 • layer have no effect, apart from laminates with ultra-thin 90 • plies where it is however modest. The present analysis support the claim that debond growth is not affected by the ply-thickness effect. Finite Element Method in Abaqus [34] and the debond (crack) is characterized by its Mode I and Mode II ERR calculated with the VCCT.
Introduction
Since the development of the spread tow technology or "FUKUI method" [1] , significant efforts have been directed toward the characterization of thin-ply laminates [2, 3, 4, 5, 6, 7, 8, 9, 10, 11] and their application to mission-critical structures in the aerospace sector [12] . 5 At the lamina level, the use of thin-plies leads to more regular and homogeneous microstructures [6, 9] . Measurements of ply level properties ( 10 the literature for the same type of fiber, nor showed any particular dependence on the ply thickness [9] . Only an increase of the ultimate compressive strength in the fiber direction was observed with very thin plies (∼ 4 fiber diameters), although with very scattered values. The authors claim the increase to be due to the fiber arrangement's increased regularity which prevents the onset of fiber 15 microbuckling [9] . A number of researchers [2, 3, 4] has reported improvements in fatigue life with the use of thin-plies, which are explained as a consequence of delayed propagation of free edge delaminations and intralaminar cracks. Several researchers have analyzed the effect of thin-plies on damage development under static [3, 4, 5, 6, 7, 8, 9] , fatigue [2, 3, 4, 5, 9] and impact loadings [3, 4, 5, 9] . It 20 seems apparent that thin-ply laminates possess an increased ability to delay, and in some cases even suppress, the onset and propagation of intralaminar cracks (called often transverse or matrix or micro-cracks).
The first stage in the appearance of transverse cracks is known to be the occurrence of fiber/matrix interface cracks (also referred to as debonds), which grow 25 along the fiber arc direction, then kink out of the interface and coalesce forming a transverse crack [13] . Different approaches have been applied to model the initiation and growth of debonds. The Cohesive Zone Model (CZM) has been used to mimic the propagation of debonds along fiber interfaces; coupled with a failure criterion for the matrix, it has provided simulations of the growth of 30 transverse cracks starting from a virgin material [14, 15, 16, 17] . The main advantages of this approach are the possibility to observe the development of a simulated crack path and to record a load-displacement curve to be compared with experimental measurements. However, various observations cast a doubt about the applicability of the CZM: the triaxiality of the matrix stress 35 state in the inter-fiber region that is linked with a cavitation-like failure of the polymer [18] ; the locality and mode dependency of the interface failure [19] ; the problematic use at the microscopic level of properties measured in UD specimens at the laminate level [15] . A second approach that obviates these drawbacks is the application of Linear Elastic Fracture Mechanics (LEFM) arguments to the 40 
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D R A F T study of debond growth. The analysis focuses on the evaluation of Mode I and Mode II Energy Release Rate (ERR) at the crack tip by means of the Virtual Crack Closure Technique (VCCT) [20] or the J-Integral method [21] . The stress and strain fields, required for the ERR computation, can be solved by application of different methodologies such as analytical solutions [22] , the Boundary 45 Element Method (BEM) [23] tion problem. Different studies have followed the LEFM approach and analyzed models of one or two fibers in an effectively infinite matrix [26, 27, 28, 29, 30] and of an hexagonal cluster of fibers in an effectively infinite homogenized UD composite [31, 24] . The problem of debond growth along the fiber-matrix in- All the RUCs present regular microstructures with fibers placed according to a square-packing configuration characterized by the repetition of the same one-80 fiber unit cell of size 2L × 2L, where L is a function of the fiber volume fraction V f and the fiber radius according to
Each fiber in the model has the same radius R f , equal to 1 µm. This specific value has no physical meaning per se and it has been selected for simplicity. It is useful to observe that, in a linear elastic solution as the one described in the 85 present article, the ERR is proportional to the geometrical dimensions of the model and thus re-evaluation of the ERR for fibers of any size requires just a multiplication. Furthermore, it is worth to point out that V f is the same in the one-fiber unit and in the overall RUC, i.e. no clustering of fibers is considered.
The thickness of the 90 • ply depends on the number k of fiber rows present 90 across the thickness (the vertical or z direction in Figures 1 and 2) according to
On the other hand, the thickness of 0 • layers can be assigned freely as a multiple of the 90 • ply thickness as
where m is an arbitrary integer. Thus, the thickness ratio m represents one additional parameter for the investigation.
95
In the following, let us consider in-plane coordinates x and y, and assume that the laminate 0 • -direction is aligned with the x-axis. In the presence of a load in the x-direction, the strain in the y-direction is small, due to the very small can be found in [36] .
Description of modelled Representative Volume Elements (RVEs)
The first family of Representative Volume Elements (RVEs) is represented in Figure 1 . It represents a set of [0 • m·1·2L , 90 • 1·2L , 0 • m·1·2L ] laminates with an ultra-thin 90 • layer, constituted by a single row of fibers across the thickness.
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Debonds appear at regular intervals measured in terms of number n − 1 of fully bonded fibers present between them, which in turn correspond to the number of fibers along the horizontal direction of the RVE as highlighted in Fig. 1 .
They are thus the n × 1 − m · t 90 • models, where m = 1, 10 and n is an integer ≥ 1 (n = 1 corresponds to the case of a debond appearing on all the fibers in 145 the central 90 • layer). These models are geometrically extreme, but allow to focus on the interaction between debonds and the inter-ply 0 • /90 • interface. Furthermore, the spread tow technology is today capable of producing cross-ply laminates with the central 90 • layer thickness only 4−5 times the fiber diameter, as shown for example in [6] , which may in future give practical relevance even 150 to such extreme case.
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The second set of models considers instead cross-ply laminates with a central 90 • ply of variable thickness, measured in terms of number k of fiber rows "stacked" in the vertical direction in Figure 2 . Once again, debonds appear in the central row only at regular intervals measured in terms of number n − 1 155 of fully bonded fibers present between them, as highlighted in Fig. 2 . These models are thus the n × k − m · t 90 • models, where m = 1, 10, k > 1 and n is an integer ≥ 1 (n = 1 corresponds to the case of a debond appearing on all fibers of the central fiber row in the 90 • layer). By increasing the number n of fibers in the horizontal direction in the RUC, decreasing levels of damage 160 (debonds spaced further apart and the interaction between debonds becomes less important) are considered to be present in the laminate. By increasing the number k of fiber rows, the thickness of the 90 • layer is increased and the effect of the relative proximity of the inter-ply 0 • /90 • interface can thus be studied.
Finally, by increasing the factor m, the thickness of the 0 • layers is increased for 165 a given thickness of the 90 • , which allows the investigation of the 0 • ply-block effect [37] .
Finite Element (FE) discretization
The RUCs are discretized and solved with the Finite Element Method (FEM) using the commercial FEM package Abaqus [34] . The total length and height of 170 a RUC are determined by the number of fibers n in the horizontal direction, the number of fiber rows k across the thickness and the thickness ratio m (see Sec. 2.1 and Sec. 2.2). The debond appears symmetrically with respect to the x axis (see Cylinder Assembly model [38] with the self-consistency scheme for the out-ofplane shear modulus of Christensen [39] . The properties used are listed in Table 1 . The model was validated with respect to BEM results of [40, 29] ;
considerations about the order of accuracy can be found in [36] . boundary as straight as thicker 0 • layers ( t 0 • t 90 • ≥ 10). In the case t 0 • t 90 • = 1, the 90 • layer boundary deforms in a way that is similar to the free surface case, but smaller in magnitude. This corresponds to the fact that for ∆θ < 60 • − 70 • , in (Fig. 5 ) can be discussed in terms of local 0 • layer bending stiffness. In the free case, it is the curvature of the material around the fiber that causes the x-strain reduction and thus a lower G II . Thicker 0 • layers ( t 0 • t 90 • ≥ 10) prevent this 90 • boundary deformation to a greater extent than 315 the thinner t 0 • = t 90 • case: the x-strain (and thus G II ) increase is greater for We turn now our attention to models n × 1 − m · t 90 • , which correspond 320 to a cross-ply laminate in which the central 90 • ply is constituted by only one fiber row where multiple partially debonded fibers are present with n − 1 fully bonded fibers between them and debonds appear on alternating sides of consecutive damaged fibers (see Figure 1 ). As observed in a previous work [36] , the presence of fully bonded fibers between partially debonded ones in the loading 325 direction has a strong effect on debond ERR and controls the interaction between debonds. When n is increased, both Mode I and Mode II increase: the addition of stiffer elements, in the form of fully bonded fibers, increase the strain applied to the damaged unit and thus causes higher values of ERR. Looked from this perspective, i.e. moving from the most to the least severe state of damage, 330 this effect is referred to as "strain magnification" [36] . There seems to exist a 
Results & Discussion
t 0 • t 90 • ≥ 10 than t 0 • t 90 • = 1.
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Comparing Fig. 6 with Fig. 4 and Fig. 7 with Fig. 5 , it is possible to observe how, as previously described, increasing the number of fully bonded fibers between consecutive debonds in the loading direction leads to an increase in Mode I and Mode II ERR. The peak G I increases from 1.93 J m 2 in 1 × 1 − 1 · t 90 • to 3.42 J m 2 in 21 × 1 − 1 · t 90 • , while the peak G II from 0.86 J m 2 to 3.04 J m 2 .
345
The value of ∆θ at contact zone onset remains however the same (70 • ).
The effect of the 0 • layer thickness is instead non-existent: values of both G I and G II are coincident for 21 × 1 − 1 · t 90 • and 21 × 1 − 10 · t 90 • .
In agreement with the introductory considerations of this section and the results in [36] , it is possible to observe in Figures 6 and 7 for interactive debonds (models 1 × k − 1 · t 90 • in Figures 8 and 9) ; second, the case of debonds separated by n − 1 fully bonded fibers in the central fiber row, which corresponds to the least severe state of damage and to the solution for non-interactive debonds (models 21 × k − 1 · t 90 • in Figures 10 and 11 ).
Observation of Fig. 8, Fig. 9, Fig. 10 and Fig. 11 reveals that no difference can No measurable ply-thickness effect was observed. Experimental support to the claim that the ply-thickness effect has no influence on debond growth can be also found in the literature, in [6] . ply, isolated debonds appear at a lower value of the applied strain than in thicker plies (at 0.4% vs 0.7%) while growth and coalescence of debonds is suppressed and no transverse crack can be observed even at a strain of 1.5%. The plythickness effect was thus observed in [6] for transverse cracks, i.e. coalescence of debonds was delayed to higher strains and even suppressed, but not for debond growth. The analysis presented in this article brings new arguments to the claim 430 that the ply-thickness effect does not influence the growth of debonds. [19] V. Mantič, Interface crack onset at a circular cylindrical inclusion under 535 a remote transverse tension. application of a coupled stress and energy
Conclusions
laminates with an ultra-thin 90 • layer, where the 90 • ply is made up by a single "row" of fibers. Debonds are repeating at different distances, measured in terms of the number n−1 of fully bonded fibers appearing between two consecutive debonds. 2L is the thickness of one-fiber row. 1 × 1 − f ree 
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